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Intracellular Ca** stores could participate to abscisic
acid-induced depolarization and stomatal closure in
Arabidopsis thaliana
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Abbreviations: Br-cADPR, 8-bromo-cyclic adenosine diphosphate ribose; [Ca*]  , cytosolic calcium concentration; CICR,
calcium-induced calcium release; IP,, inositol-1-4-5-triphosphate; IP,R, inositol trisphosphate receptor; PIP,, phosphatidylinositol
diphosphate membranaire; PI-PLC, phosphatidylinositol-phospholipase C; PM, plasma membrane; ROS, reactive oxygen species;

RyR, cADPR/ryanodine receptor; V_, plasma membrane potential

In Arabidopsis thaliana cell suspension, abscisic acid (ABA) induces changes in cytosolic calcium concentration ([Caz"]m) which
are the trigger for ABA-induced plasma membrane anion current activation, H*-ATPase inhibition, and subsequent plasma
membrane depolarization. In the present study, we took advantage of this model to analyze the implication of intracellular
Ca?* stores in ABA signal transduction through electrophysiological current measurements, cytosolic Ca?* activity measure-
ments with the apoaequorin Ca*" reporter protein and external pH measurement. Intracellular Ca*" stores involvement
was determined by using specific inhibitors of CICR channels: the cADP-ribose/ryanodine receptor (Br-cADPR and dant-
rolene) and of the inositol trisphosphate receptor (U73122). In addition experiments were performed on epidermal strips of
A. thaliana leaves to monitor stomatal closure in response to ABA in presence of the same pharmacology. Our data provide
evidence that ryanodine receptor and inositol trisphosphate receptor could be involved in ABA-induced (I) Ca*" release in
the cytosol, (2) anion channel activation and H*-ATPase inhibition leading to plasma membrane depolarization and (3) sto-
matal closure. Intracellular Ca?* release could thus contribute to the control of early events in the ABA signal transduction

pathway in A. thaliana.

Introduction

The plant hormone abscisic acid (ABA) is involved in regulation
of plant development and adaptation to various environmental
stresses.! Under unfavourable conditions, such as cold, salinity
or water shortage, ABA activates a complex signaling pathway
leading to the expression of ABA-responsive genes and to the
stomatal closure which limits water loss through transpiration
and prevents dehydration.”* Stomatal closure represents one of
the fastest ABA responses arising in a few minutes. This closure
is accomplished by the release of anions and K* and by meta-
bolic degradation of the major organic anion malate.>® ABA
induces plasma membrane (PM) depolarization of the guard
cells initiated by anion current activation.”” The fast depo-
larization of PM leads to the activation of outward rectifying
K* currents and the inhibition of inward K* channels.> These
changes in guard cell ion transport are responsible for cell
shrinkage and stomatal closure. Further events such as lipid-

based signals,® reactive oxygen species,” nitric oxide (NO)?® and
G proteins' were shown to modulate ion fluxes and proposed
to play a role in ABA-induced stomatal closure. Abscisic acid
also provokes a fast rise in [Ca*]_," which may act as sec-
ond messengers leading to guard cell closure.!? Although the
role of Ca?* in stomatal closure is still a matter of question,’
there are remarkable parallels in the effects of ABA and Ca?*
on guard-cell transport processes. Like ABA, experimental
elevation of Ca?* levels inhibits the H*-ATPase,' inhibits the
inward K* channels and activates anion channels? initiating the
PM depolarization. Influx of Ca** through PM calcium chan-
nels was reported on guard cells.*” However, ABA-induced
[Ca™],,

stores. Two Ca®* channel/receptor are supposed to control the

increases may also arise by release from intracellular

release of Ca?* to the cytosol during signal transduction, inositol
trisphosphate receptor (IP,R) and ryanodine/cADPR receptor
(RyR),'®'” although no homologous genes have yet been found
for these receptors in plants. In animal cells, IP,R and RyR are
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Figure 1. (A) Changes in [Caz"]cy[ of Arabidopsis cells expressing the
apoaequorin gene upon 10 LM ABA addition, alone or after a 30 min
pretreatment with intracellular store Ca?* channel inhibitors 100 uM
dantrolene, 100 UM Br-cADPR, or 10 uM U73122. Controls with HZO
were performed. (B) Mean values of A[Caz*]m upon 10 UM ABA addition,
alone of after pretreatment with intracellular store Ca?* channel inhibitors.
Results correspond to the means of at least four independent experiments
* standard errors.

known as CICR channels." In guard cells, the involvement of
PI-PLC has been demonstrated in ABA-induced Ca?* increase
and stomatal closure.” PI-PLC hydrolyses PIP, to IP,, the sec-
ond messenger which activates the IP R leading to Ca** release
from intracellular stores.'”” The activation of ADPR cyclase
was suggested to be an early ABA-signaling event and that an
increase in cADPR plays an important role in downstream
molecular and physiological ABA responses.””** The injection
of cADPR was shown to induce Ca?* rises, suggesting a role for
cADPR as intermediate of the ABA-induced stomatal response
in C. communis.** Our aim was to analyze if Ca?* release from
intracellular stores were involved in ABA-induced depolariza-
tion due to the activation of anion channels and inhibition of
the H*-ATPases in A. thaliana.
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One way to address this issue would be to measure, in the
same cells, both [Ca*]_ and the relevant ionic current responses.
In A. thaliana cell suspension, ABA induces changes in [Ca?] o
which are the trigger for ABA-induced anion currents activation,
plasma membrane H*-ATPase inhibition, and consequently PM
depolarization.”> ABA-induced H,O, production contributes to
the PM depolarization through a [Ca®]_ increase™ as in guard
cells.* Although, the involvement of intracellular Ca** stores
remains unknown, this model appears thus peculiarly convenient
to combined Ca?* measurements, with transgenic cells expressing
the apoaequorin gene, electrophysiological measurements and
external pH measurement representative of H*-ATPase activ-
ity.?? Experiments were conducted in presence of specific inhibi-
tors of the Ca?*-receptor/channel RyR (Br-cADPR, dantrolene®)
and IP,R (U73122,%). We further compared suspension cells
and guard cells signaling pathways by using the same pharma-
cology on ABA-induced stomatal closure on epidermal strips of
A. thalianaleaves. Ourresultsclearly providestrongevidence thatin
A. thaliana different intracellular Ca?* stores could participate to
the ABA-induced depolarization due to anion channel activation
and H*-ATPase inhibition in suspension cells which may also be
involved in stomatal closure.

Results and Discussion
ABA-induced changes in [Ca®*] e are dependent on Ca** release

from intracellular stores. The ABA-induced [Ca®]
previously observed?? was confirmed in freshly generated

increase

A. thaliana suspension cells expressing apoaequorin addressed
in the cytosol. Specific inhibitors of two major channel/recep-
tor complexes from intracellular stores, the RyR, an intracellu-
lar Ca** channel triggered by cADPR, and the IP,R triggered
by IP,, were used to show the implication of these Ca’* stores
in [Caz*]cy[ changes; Br-cADPR and dantrolene, RyR antago-
nist”’ which modulates the channel function inhibiting the Ca**
release and U73122, inhibitor of PI-PLC activity (hydrolysis of
PIP, to IP,) which activates the IP,R. In 60% of the experiments
ABA induced an increase in [Caz*]cy[ of about 0.37 + 0.1 uM
during 2.5 min after the addition of 10 uM ABA in the medium
(Fig. 1). In this freshly generated aequorin suspension cells, the
ABA induced changes in aequorin luminescence present only
one spike peaking at about 40 s and was not a biphasic event
as previously reported.”*? Immediate spikes, such as the one

reported in Brault et al.*?

are sometime considered as non-spe-
cific in aequorin technology.”® However, this discrepancy could
also reflect a difference in sensitivity of these cell suspensions to
ABA. In C. communis guard cells at high ABA concentration,
Ca?* influx could make a major contribution to an increase in
[Ca*]_ but at low ABA the intracellular release, which could
present a different kinetic, makes the major contribution.”” The
redox state could also switch the conditions where extracellular
Ca?* is used as a primary supply to conditions where intracel-
lular Ca** stores are mobilized. Thus in ABA-induced responses
the origin of the increase in [Ca*]_ could have relative impor-
tance depending on conditions. We could also argue that cell
suspensions could use distinct and different receptor types
and/or signal transduction pathways in ABA as observed for
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the differential ABA-induced regulation of V. faba K* channels
between mesophyll and guard cells.”” However, the increase in
[Caz*]Cy[ we observed (Fig. 1) was considerably inhibited when
cells were pre-treated with 100 UM Br-cADPR (decrease of
54%) and dantrolene (decrease of 80%) or totally suppressed
with 10 uM U73122 (Fig. 1B). Our results suggest that ABA-
induced Ca*" releases through IP R like and RyR like occur in

12,21

our model in accordance with data observed on guard cells.
Even if the activation of ADPR cyclase was suggested to be

an early ABA-signaling event and that an increase in cADPR
plays an important role in downstream molecular and physiologi-
cal ABA responses,” it cannot be excluded that the observed
effects of inhibitors may be indirect since no homologous

genes have yet been found for ryanodine and IP, receptors in
A. thaliana.

ABA-induced depolarization and anion channel activation
are dependent on the IP_R and the RyR. In accordance with our
aim, an electrophysiological approach was undertaken in order
to determine the putative role of Ca?* release from intracellular
stores on ABA-induced PM depolarization and increase in anion

currents, previously characterized in our model®” and in response

to ABA.*? As previously reported®*® 10 puM ABA induced a
depolarization of about +15 mV (Fig. 2F) in about 50% of the
cells. The effect of ABA was tested in presence of Br-cADPR
or dantrolene, two antagonists of the RyR, or U73122. Pre-
treatment of Arabidopsis cells with this pharmacology abolished
the ABA-induced depolarization (Fig. 2F) in 80% of the cells for
Br-cADPR and dantrolene and 100% of the cells for U73122.
Anion current increase triggered by ABA (166.5 + 12.9%) E
(Fig. 2A and E) was also abolished or drastically reduced in pres-
ence of dantrolene (15.3 + 15.5%) (Fig. 2D and E), Br-cADPR
(55.3 + 12.5%) (Fig. 2C and E) or U73122 (75.2 + 9.1%)
(Fig. 2D and E). These results strongly suggest that in A. thali-
ana suspension cells the Ca’* release through RyR and IP,R could
occur upstream of the increase in anion currents and subsequent
PM depolarization (Fig. 2F) in the ABA signaling pathway,

Anion current intensity (%)

;P

in accordance with data observed on guard cells from ML
C. communis® and oppositely to what observed in V. faba guard é % a & é % & &
7 @ — @ -—
cells. . o ° % m e %. 0
ABA-induced extracellular alkalization involves the IP,R S &~ E &5
o =]

and the RYR. In A. thaliana cell suspension, ABA-induced depo- _— —_—
larization is also partly due to PM H*-ATPase inhibition which +ABA +AB
induced a rapid medium alkalization.?? The pH of the culture
medium in cultured Al'abidOPSiS cells was thus monitored in Figure 2. (A) Typical activation of anion currents by ABA. Anion currents
presence of dantrolene or U73122 (Fig. 3). Figure 3A shows the measured under control conditions and after adding 10 uM ABA. Holding
alkalization of medium pH upon 10 uM ABA addition (ranged potential (V,) was -40 mV.The current amplitudes (at 6.3 s) were mea-
from 0.18 + 0.02 pH units in less than 45 min). When cells sured for membrane potentials ranging from -200 to +40 mV before and

. . after ABA addition. (B—D) Anion currents recorded under -200 mV pulse
were pretreated with dantrolene or U73122, the ABA-induced before() and after® the addition of 10 UM ABA in presence of the inhibi-

alkalization was decreased of 15% and 36%, respectively | tors (100 uM dantrolene, 100 tM Br-cADPR, or 10 uM U73122). (E) Mean
(Fig. 3B). As previously discussed?? inhibition of H*-ATPases | steady state values of anion current intensity (% of control) recorded at
by an increase in [Ca®'] were previously reported for different -200 mV at maximal depolarization upon |0 M ABA addition, alone or

1 . e . 24 after pretreatment with intracellular store Ca?* channel inhibitors. Dotted
plant materials. Our data suggest that ABA-induced Ca?* release

f i Il d . in the d £PM line corresponds to control level for each effector without ABA. Results
rom intracellular stores could participate in the decrease o correspond to the means of at least three independent experiments *

H*-ATPase activity, as observed for V.ﬁlbﬂ guard cells,” leading standard errors. (F) Mean values of plasma membrane potential (AV, )
thus to the depolarization of the cells and the alkalization of the | recorded at maximal depolarization upon 10 LM ABA addition, alone for

medium. However, the relatively weak percentages of inhibition the 50% responding cells or after treatment with inhibitors. Results cor-
. >
respond to the means of five independent experiments * standard error.
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Figure 3. (A) Typical medium alkalization induced by ABA (10 uM) in

A. thaliana suspension cells. Representative result of six independent experi-
ments is shown. (B) Mean values of ApH correspond to pH variation after
45 min in presence of intracellular store Ca?* channel inhibitors (100 uM
dantrolene or 10 uM U73122) with or in absence of ABA (10 uM).

The initial pH ranging from pH 5.4 to 5.6 could be modified by 0.4 upH
depending on pharmacology. Results correspond to the means of six in-
dependent experiments * standard errors. $Not significantly different and
*significantly different, p < 0.05.

could indicate that only a part of the cell population responds
through a Ca** dependant way. If H,O, production, after ABA
stimulation of the NADPH-oxidase in suspension cells,” could
also participate to the medium alkalization,? we can not rule
out that some cells undergo a Ca**-independent alkalization of
the medium.

ABA-induced stomatal closure is dependant of intracellular
Ca?* stores. The three sets of data we recorded in response to
ABA in suspension cells, namely increase in [Ca*]_ , anion chan-
nel activation and H*-ATPase inhibition, likely occur in guard
cells.>" In order to integrate our data in physiological stomata
regulation in A. thaliana, we checked the involvement of intracel-
lular Ca?* stores in the ABA signaling pathway. Thus, we moni-
tored the stomatal closure using the same specific pharmacology.
Epidermal strips were prepared from the abaxial surface of intact
leaves (similar size and developmental stage) in which we could
measure stomatal aperture. Time course observation showed that

www.landesbioscience.com
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Figure 4. (A) Time-course changes in Arabidopsis stomatal apertures
(width, uM) in presence (black) or absence (grey) of ABA (10 uM).

(B) Mean values of stomatal apertures with intracellular store Ca*" chan-
nel inhibitors in presence (+) or absence (-) of ABA (10 iM). Inhibitors
were added 30 min before ABA addition (100 UM dantrolene, 100 uM
Br-cADPR, or 10 uM U73122), apertures were recorded four hours after
ABA treatment. Results correspond to the means of four independent ex-
periments * standard errors. SNot significantly different and *significantly
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different, p < 0.05.

after four hours under light and in presence of ABA, the pore width
of stomata decreased to 1.40 wm (Fig. 4A) corresponding to 60%
less than the control. Using the same experimental condition, we
examined the effect of dantrolene, Br-cADPR and U73122 on
the ABA-induced stomatal closure (Fig. 4B). In presence of these
inhibitors, the mean stomatal apertures after ABA treatment sug-
gest that stomatal closure was strongly inhibited (Fig. 4B). It is
to be noted that, as previously observed for the three sets of data,
a percentage between 5 and 10% of the A. thaliana guard cells
responded to ABA by a stomatal closure even in presence of RyR
or IP R inhibitors. However, the effect of U73122 indicates that
IP,R could be involved in the ABA physiological process leading
to stomatal closure as previously reported in C. communis.'*" In
the same way, our data suggest a role for cADPR as intermediate
of the ABA-induced stomatal response in A. thaliana as shown on
C. communis.”

Material and Methods

Plant material. Arabidopsis thaliana L. was grown from seed in
an environmentally controlled chamber (eight hour photoperiod,
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under 100 pmol photons m? s? at the leaf level, 24 + 2°C) and
plants were weekly watered.

Preparation of epidermal strips. A. thaliana leaves from 4—6
week old plants were harvested on hour after the beginning of
the light period. Epidermal strips were carefully prepared from
abaxial epidermis then placed cuticule side-down on microscope
slides covered with medical adhesive (Dow Corning 355, Peters
surgical)® and immediately floated in 10 mM MES pH 6.1,
50 mM KCI, 1 mM CaCl, (opening buffer) under white light
(40 umol photons m? s') for three hours before future
treatments.

Stomatal opening measurements. Epidermal strips were ana-
lyzed with a Laborlux S (Leica, Germany) microscope (x400).
For quantifying, microscope fields were digitalized with a Kappa
CF11DSP (Nikon, Japan) digital camera. The width of the sto-
matal aperture was measured using the image analysis software
Metreo Kappa Image Base (Kappa, Germany). The pore width
from at least 200 stomata per treatment per experiment was
measured and pooled together for statistical analysis. Data are
expressed as lm and are means + SE.

Cell culture conditions. A. thaliana L. suspension cells were
grown in Gamborg medium (pH 5.8). They were maintained
at 24 + 2°C, under continuous white light (40 wmol photons
m™ s') and continuous shaking (gyratory shaker) at 120 rpm.
Suspensions were sub-cultured weekly using 1:10 dilution. All
experiments were performed at 24 + 2°C using log-phase cells
(4 days after sub-culture).

Aequorin luminescence measurements. Cytoplasmic Ca**
variations were recorded with freshly generated A. thaliana cell
suspension expressing the apoaequorin gene.? For calcium mea-
surement, aequorin was reconstituted by overnight incubation of
cell suspension in Gamborg medium with 2.5 pM native coelen-
terazine. Cell culture aliquots (200 or 500 pL) were transferred
carefully into a luminometer glass tube, and the luminescence
counts were recorded continuously at 0.2 s intervals with a FB12-
Berthold luminometer. Treatments were performed by pipette
injection of 10 UL of ABA. At the end of each experiment, the
residual aequorin was discharged by addition of 500 uL of a I M
CaCl, solution dissolved in 100% methanol. The resulting lumi-
nescence was used to estimate the total amount of aequorin in
each experiment. Calibration of calcium measurement was per-
formed by using the equation: pCa = 0.332588(-logk) + 5.5593,
where k is a rate constant equal to luminescence counts per sec-
ond divided by total remaining counts.”? Data are expressed as
UM and are means + SE.

Electrophysiology. Cells were impaled in the culture medium
with borosilicate capillary glass (Clark GC 150F) micropipettes
(resistance: 50 MQ when filled with 600 mM KCI). Main
ion concentrations in the medium after 4d were 9 mM K,
11 mM NO; [35]. Individual cells were voltage-clamped using
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an Axoclamp 2B amplifier (Axon Instruments, Foster City, CA,
) as previously described.???*%° Data are expressed as mV or %
and are means + SE.

Extracellular pH measurements. Extracellular pH was mea-
sured directly in the medium.?* The experiments were run simul-
taneously in 7 x 10 mL flasks (control and tests) each containing
2 ¢ FW for 10 mL of suspension medium under continuous
orbital shaking (60 rpm). Simultaneous changes in pH were
measured by using ELIT 808 ionometer with pH sensitive com-
bined electrodes functioning in parallel. Data are expressed as
upH and are means + SE.

Chemicals. Chemicals (Br-cADPR, dantrolene, U73122)
were purchased from Sigma (St. Louis, MO). Dantrolene was
dissolved in methanol, U73122 was dissolved in DMSO. Final
concentration of methanol or DMSO never exceeded 1%.

Statistics. Significant differences between treatments were
determined by the Mann and Whitney test and p values <0.05
were considered significant.

Conclusion

A recent in silico re-evaluation of the experimental studies on
ABA and [Ca*]_ supports that ABA and [Ca*]_ increase are
decoupled.”® Even if Ca®* changes can be observed in guard cell
in response to ABA, numerous experimental results also show
that [Ca?'] o increase is only observed in a part of the guard cells
population. In response to ABA, absence of [Ca*]  modifica-
tion does not prevent the occurrence of downstream events such
as ion channel regulation” and stomatal closure® as observed for
a weak percentage of cells in our study. Whether or not calcium
is an essential signal in stomatal closure has been debated within
the field for a number of years." Differential behaviors of anion
channels in guard cells among species such as C. communis,
V. faba and A. thaliana, were already reported®® and gene tran-
scription induced by ABA also differs among different cell
types.” Given this variability, along with the known Ca?'-
independence of some ABA events, questions remain whether
ABA-signaling pathways, targets, or models could be general-
ized for all plant species and all plant cell types, and whether
the ABA-induced Ca?*-rise is truly a causative event in ion
transport regulation in general and in stomatal closure in par-
ticular. However, according to our data, a Ca?* release from
intracellular stores could regulate anion channel activity, an
early event in an ABA-induced signaling pathway leading to
stomatal closure in A. thaliana.
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